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a b s t r a c t
Vertebrate cranial sensory organs are derived from region at the border of the anterior neural plate
called the pre-placodal region (PPR). The otic placode, the anlagen of the inner ear, is induced from PPR
ectoderm by FGF signaling. We have previously shown that competence of embryonic ectoderm to
respond to FGF signaling during otic placode induction correlates with the expression of PPR genes, but
the molecular basis of this competence is poorly understood. Here, we characterize the function of a
transcription factor, Foxi3 that is expressed at very early stages in the non-neural ectoderm and later in
the PPR of chick embryos. Ablation experiments showed that the underlying hypoblast is necessary for
the initiation of Foxi3 expression. Mis-expression of Foxi3 was sufﬁcient to induce markers of non-neural
ectoderm such as Dlx5, and the PPR such as Six1 and Eya2. Electroporation of Dlx5, or Six1 together with
Eya1 also induced Foxi3, suggesting direct or indirect positive regulation between non-neural ectoderm
genes and PPR genes. Knockdown of Foxi3 in chick embryos prevented the induction of otic placode
markers, and was able to prevent competent cranial ectoderm from expressing otic markers in response
to FGF2. In contrast, Foxi3 expression alone was not sufﬁcient to confer competence to respond to FGF on
embryonic ectoderm. Our analysis of PPR and FGF-responsive genes after Foxi3 knockdown at gastrula
stages suggests it is not necessary for the expression of PPR genes at these stages, nor for the
transduction of FGF signals. The early expression but late requirement for Foxi3 in ear induction
suggests it may have some of the properties associated with pioneer transcription factors.
& 2014 Elsevier Inc. All rights reserved.
Introduction
All craniofacial sensory organs derive from transient ectodermal
thickenings adjacent to the anterior neural plate, termed sensory
placodes (Baker and Bronner-Fraser, 2001; D’Amico-Martel and
Noden, 1983; Noden, 1993; Schlosser, 2006, 2010; Streit, 2007). The
precursors of different sensory placodes are initially intermingled and
derive from a common domain called the pre-placodal region (PPR)
(Baker and Bronner-Fraser, 2001; Ohyama et al., 2007; Schlosser, 2005;
Streit, 2004, 2007). The PPR is deﬁned by expression of several
molecular markers includingmembers of the Six and Eya gene families
(Grocott et al., 2012; Kwon et al., 2010; Schlosser, 2005, 2006, 2007,
2008; Streit, 2007). PPR marker genes are induced by FGF signals from
underlying cranial paraxial mesoderm, and by BMP and Wnt
antagonists from paraxial mesoderm and the neural plate (Ahrens
and Schlosser, 2005; Brugmann et al., 2004; Grocott et al., 2012;
Litsiou et al., 2005). A number of genes that are initially expressed
broadly in non-neural ectoderm, such as members of the Dlx, Gata,
and Foxi gene families later become restricted to the PPR prior to overt
placode differentiation (Bhat et al., 2013; Grocott et al., 2012; Groves
and Labonne, 2013; Khatri and Groves, 2013; Kwon et al., 2010; Litsiou
et al., 2005; McLarren et al., 2003; Ohyama and Groves, 2004; Saint-
Jeannet and Moody, 2014; Schlosser, 2006; Streit, 2007).
It is now well-established that members of the Fibroblast Growth
Factor (FGF) family play an important role in otic placode induction
(Ladher et al., 2010; Ohyama et al., 2007; Schimmang, 2007). Several
FGF family members are expressed in the primordium of the
hindbrain or cranial mesoderm prior to otic placode formation. FGF
signaling is both necessary and sufﬁcient to induce a number of early
otic placode markers (Leger and Brand, 2002; Liu et al., 2003;
Maroon et al., 2002; Mendonsa and Riley, 1999; Nechiporuk et al.,
2007; Nikaido et al., 2007; Phillips et al., 2001). The identity and
localization of FGF family members involved in ear induction vary
considerably between vertebrate groups—for example, zebraﬁsh fgf3
and fgf8 are expressed in the hindbrain (Leger and Brand, 2002;
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Liu et al., 2003; Maroon et al., 2002; Phillips et al., 2001), chick Fgf3
and Fgf19 are expressed in both the hindbrain and cranial paraxial
mesoderm (Ladher et al., 2000; Vendrell et al., 2000), and mouse Fgf3
and Fgf10 are expressed respectively in hindbrain and cranial
mesoderm (Wright and Mansour, 2003). FGF signaling ﬁrst induces
a broad otic-epibranchial placode domain, marked by Pax2/8 genes,
and subsequent Wnt and Notch signaling then divides this territory
into the otic placode proper and an adjacent territory that gives rise
to epidermis and epibranchial placodes (Freter et al., 2008; Jayasena
et al., 2008; Ladher et al., 2000, 2010).
In our previous work, we showed that competence to induce
early otic genes in response to FGF signaling correlates with the
expression PPR genes (Martin and Groves, 2006; Yang et al., 2013).
In these experiments, we found that culture of chicken PPR ectoderm
in the presence of FGF2 induces early placode markers such as Pax2,
whereas more lateral cranial ectoderm from embryos of a similar age,
or early anterior epiblast from gastrulating embryos does not
respond to FGF2 in this manner (Martin and Groves, 2006; Yang
et al., 2013). However, the molecular basis of this differential
competence to respond to FGF signaling is not clear. For example,
mis-expression of the PPR genes Six1 and Eya2 in non-neural
ectoderm is not sufﬁcient to allow such ectoderm to respond to
FGF signals by expressing otic markers (Christophorou et al., 2009).
The zebraﬁsh foxi1 gene is expressed early in non-neural ectoderm
and eventually localizes to the PPR (Solomon et al., 2003). Zebraﬁsh
foxi1mutants have severe inner ear defects, with the otic vesicle either
greatly reduced or completely absent (Nissen et al., 2003; Solomon
et al., 2003). Early markers of the zebraﬁsh otic placode such as pax8,
pax2a and dlx3b are also either absent or greatly reduced (Nissen et al.,
2003; Solomon et al., 2003), and combined mis-expression of fgf8,
foxi1 and dlx3b in medaka ﬁsh leads to the induction of some early otic
genes and otic vesicle formation in non-neural ectoderm (Aghaallaei
et al., 2007). Several Forkhead transcription factors have been pro-
posed to act as competence factors in the development of the liver,
pancreas and lens (Kenyon et al., 1999; Lee et al., 2005b; Zaret, 1999),
in which FGF signaling has also been implicated (Lee et al., 2005a,
2005b; Wandzioch and Zaret, 2009). In particular, Foxa1 and Foxa2
may provide competence by acting as pioneer factors that occupy and
open silent regions of chromatin in advance of transcriptional activa-
tion by lineage-speciﬁc developmental signals (Zaret and Carroll, 2011;
Zaret et al., 2008). It is therefore possible that foxi1 plays a role in the
competence of the PPR to respond to FGF signaling in otic placode
induction (Yan et al., 2006).
We have previously described Foxi3 expression in non-neural
ectoderm and the PPR in both mouse and chick embryos (Khatri
and Groves, 2013; Ohyama and Groves, 2004), suggesting it may
play an analogous role in amniotes to that of foxi1 in zebraﬁsh. We
now show that Foxi3 can regulate both non-neural ectoderm genes
such as Dlx5, and genes that deﬁne the pre-placodal region such as
members of the Six and Eya gene families. Morpholino knockdown
of Foxi3 at gastrula stages leads to a failure of otic placode
induction. However, we show that despite its early expression in
non-neural ectoderm and the PPR, Foxi3 knockdown at gastrula
stages does not affect the expression of PPR genes or the reception
of FGF signaling. Moreover, ectopic expression of Foxi3 is not
sufﬁcient to confer competence on non-PPR ectoderm to respond
to FGF signals. Our data are consistent with Foxi factors acting as
pioneer factors in the induction of the inner ear.
Experimental procedures
Chicken embryos
Fertilized chicken eggs were purchased from Ideal Poultry
Breeding Farms (Cameron, TX), and stored at 13 1C. Eggs were
placed in a humidiﬁed incubator at 37.8 1C to develop. Embryos
were staged either using Hamburger and Hamilton (HH) stages
(Hamburger and Hamilton, 1992), or by counting the number of
somites (ss).
Hypoblast and mesendoderm ablation experiments
Chick embryos were cultured using the “EC” ﬁlter paper carrier
method developed by Chapman et al. (2001) as previously
described (Martin and Groves, 2006). HH stage 3–5 embryos were
dissected out and incubated in 0.15% trypsin in Howard's Ringer
solution for 30 s at room temperature to enable easier ablation of
underlying tissue. Embryos were allowed to recover for 1 min in
complete medium (10% fetal bovine serum in L15 medium).
Hypoblast or mesendoderm tissue was then ablated with a 30 G
needle. Embryos were placed on 35 mm albumen agar plates
(Chapman et al., 2001) and incubated at 37 1C for 3–14 h, ﬁxed
in 4% paraformaldehyde and analyzed by in situ hybridization.
Collagen gel cultures
Ectoderm explants of trigeminal, lateral or anterior epiblast
were obtained by treating embryos with 1 mg/ml dispase (Roche)
in Howard's Ringer solution for 10 min on ice, and then for 5 min
at room temperature. The dispase was neutralized with 10% FBS in
DMEM for 15 min on ice. Embryos were washed with cold Ringer's
solution and the desired tissue was dissected out and freed from
underlying layers with 30 G needles in cold Ringer's solution and
stored in DMEM-BS (a modiﬁcation of the chemically deﬁned
medium of Bottenstein and Sato, 1979; Martin and Groves, 2006)
on ice. Collagen gels were prepared as previously described
(Selleck and Bronner-Fraser, 1995). Brieﬂy, 9 parts collagen solu-
tion (Advanced BioMatrix) were combined with 1 part 10MEM
(Invitrogen) and brought to neutral pH with a few drops (approxi-
mately 1/20th total volume) of 7.5% sodium bicarbonate (Invitro-
gen). 5–8 Explants were suspended in 150 ml gel per well of 4-well
plate and then the gel was allowed to set at 37 1C. The cultures
were grown in DMEM-BS at 37 1C and 5% CO2 for 24 h in the
presence or absence of 50 ng/ml FGF2. Cultures were ﬁxed in 4%
paraformaldehyde for 2 h, washed with PBS and embedded in 7.5%
gelatin and 15% sucrose in PBS, and sectioned at 18 mm.
RNA in situ probes
A species-speciﬁc cDNA probe for the 30 untranslated regions of
chicken Foxi3 was obtained from the UMIST Chick EST Repository
(chEST50h20; Khatri and Groves, 2013). Other cDNA probes were
kindly provided as follows: Dlx5 (Michael Kessel), Gata3 (Doug
Engel), Sox3 (Berta Alsina), Six1 (Guillermo Oliver), Six4 (Paola
Bovolenta), Eya2 (Guillermo Oliver), Pax2 (Domingos Henrique),
Pea3 (Annette Neubüser). A 981 chick Foxg1 riboprobe was made
by amplifying chick genomic DNA with the following primers:
F: GTTCAGCTACAACGCGCTCATCAT and R: GGATCCTAATACGACT-
CACTATAGGGAGTCATCATTTACAACGCGAACGTGTG. An 875bp chick
Sox8 riboprobe was made by amplifying chick genomic DNA with
the following primers: F: CACGCCGCCCACGA and R: GGATCCTAA-
TACGACTCACTATAGGGAGTTGGAGAGTTTCAAAGCAAGGG. In both
cases, the reverse primer incorporated a T7 polymerase site
(GGATCCTAATACGACTCACTATAGGGAG) for in vitro transcription
of the ampliﬁed PCR product (Yang et al., 2013).
DNA constructs
Expression constructs for mouse Gata3 (IMAGE# 6826352),
AP2α (IMAGE# 3983850) were obtained from Invitrogen. Expres-
sion constructs for chick Dlx5, Eya2 and Six1 were kindly provided
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by Andrea Streit (Christophorou et al., 2009; McLarren et al.,
2003). A full-length mouse Foxi3 cDNA was ampliﬁed from a
mouse BAC containing the Foxi3 locus (RPCI-23-315G17; Ohyama
and Groves, 2004). We ﬁrst veriﬁed the transcriptional start site of
mouse Foxi3 by 50 RACE (Invitrogen) using mRNA from E14.5
mouse epidermis. Primers for 50 RACE were predicted based on
mFoxi3 sequences in NBCI and Ensembl. Exons 1 and 2 of mouse
Foxi3 were ampliﬁed separately and cloned together into pCMV-
SPORT6 to yield the full length mouse Foxi3 cDNA. Detailed
methods are available on request.
Chick embryo electroporation
For targeted mis-expression of full length mouse Foxi3 or
morpholinos against Foxi3, embryos in EC culture were electro-
porated as described before (McLarren et al., 2003) at the desired
stages. Morpholinos were purchased from Gene Tools with the
following sequences: Chick Foxi3-Splice: 50-TTCCGGCGGAAAA-
TAGGAGAAGCA-30; Chick Foxi3-50UTR: 50-TGCAGTACACCGGC-
CATTCTTGGG-30; Control morpholino: 50-CCTCTTACCTCAGTTA-
CAATTTATA-30. The best results were obtained when the two
blocking morpholinos were electroporated together. 300 mM con-
centration of each morpholino was electroporated along with 1 mg
of a pCIG expression plasmid containing GFP. For electroporation,
embryos of the desired stage were placed in a Petri dish-style
electroporation chamber (CUY701-P2E, Protech) above a positive
platinum electrode and immersed in Ringer's solution. The nega-
tive electrode (CUY701-P2L, Protech) was positioned above the
region to be transfected with DNA or morpholinos. Approximately
1–2 mg/ml of DNA vector or 300 nM of morpholino was mixed with
a little Fast Green and applied to the targeted region between the
vitelline membrane and ectoderm using a mouth micropipette.
Embryos were electroporated with 5 pulses (10 V, 50-ms duration)
at 1 s interval delivered from a CUY-21SC electroporator (Protech).
Electroporated embryos were cultured on agar-albumen plates
(Chapman et al., 2001) at 38 1C for the desired time before being
ﬁxed and processed for analysis.
Whole mount in situ hybridization
Chick embryos were ﬁxed in 4% paraformaldehyde in PBS,
pH 7.2 overnight at 4 1C or for 2 h at room temperature. Embryos
were then washed in PBS and hydrated and rehydrated in a series
from methanol to phosphate-buffered saline (PBS, pH 7.4) contain-
ing 0.1% Tween-20 (PBST). Embryos were treated with 10 mg/ml
proteinase K for 10–30 min (depending on the stage of the
embryo), washed gently and re-ﬁxed in 4% paraformaldehyde/
0.1% glutaraldehyde. After further washing in PBST, the embryos
were pre-hybridized at 65 1C in 50% formamide containing
1.3 SSC (buffered to pH 4.5 with citric acid), 50 mg/ml yeast
tRNA, 100 mg/ml heparin, 0.2% Tween-20, 0.5% CHAPS and 5 mM
EDTA. After 1 h, probe was added to the embryos to a ﬁnal
concentration of 1 mg/ml and incubated overnight. The embryos
were washed three times with hybridization buffer for 1 h each at
65 1C and then washed three times for 1 h each at room tempera-
ture in MABT buffer (100 mM maleic acid pH 7.5, 150 mM NaCl,
0.1% Tween-20). The embryos were then incubated for 1 h in
MABT containing 20% sheep serum and 2% Roche Blocking
Reagent. Sheep anti-digoxygenin antibody coupled to alkaline
phosphatase (Roche) was added at a concentration of 1:2000
and the embryos incubated overnight. After washing, color devel-
opment was carried out in alkaline phosphatase buffer (100 mM
Tris pH 9.5, 50 mMMgCl2, 100 mM NaCl, 0.1% Tween-20) with NBT
(338 mg/ml) and BCIP (175 mg/ml). After color development,
stained embryos were re-ﬁxed, washed for 10 min in methanol,
30 min in 0.1% Tween-20 in PBS, photographed and where
necessary, embedded in 7.5% gelatin (300 Bloom) and 15% sucrose
in PBS, and sectioned at 18 mm.
Immunocytochemistry
Fixed embryos were equilibrated in PBS containing 15% sucrose
and embedded in 7.5% gelatin (300 Bloom, Sigma) and 15% sucrose as
previously described (Sechrist and Marcelle, 1996). 18 mm sections
were collected on Superfrost Plus slides (Fisher) and stored at
20 1C. Sections were blocked in PBS containing 0.1% Tween-20
and 5% goat serum. Primary antibodies were diluted in blocking
solution and applied overnight at 4 1C. Secondary antibodies were
diluted in blocking solution and applied for 1 h at room temperature.
Slides were washed in PBS containing 0.1% Tween-20 several times
after each application of antibody, and were rinsed in distilled water
before being mounted in Fluoromount-G (Southern Biotechnology).
The following antibodies were used in this study: A rabbit polyclonal
antibody to Pax2 (Zymed; 1:200) and chicken polyclonal antibody to
GFP (Abcam; 1:400). Secondary ﬂuorescent antibodies were con-
jugated to Alexa-488 and Alexa-579 (Invitrogen). In some cases,
sections were counterstained with DAPI (10 mg/ml).
Results
Foxi3 is a non-neural ectodermal gene that becomes restricted
to the pre-placodal region
We previously described Foxi3 as one of the earliest genes
expressed in the PPR (Khatri and Groves, 2013; Ohyama and
Groves, 2004). To determine the precise timing of its expression
with respect to neural induction and PPR induction, we compared
Foxi3 expression with the non-neural ectodermal genes Dlx5 and
Gata3 (Pera and Kessel, 1999; Sheng and Stern, 1999), the pre-
neural marker gene Sox3 (Collignon et al., 1996; Rex et al., 1997;
Rogers et al., 2013; Uwanogho et al., 1995) and the PPR genes Six1
and Eya2 (Christophorou et al., 2009; Schlosser, 2007; Zou et al.,
2004) between developmental stages HH2-HH7 in chick (Fig. 1).
Gata3 could be detected in non-neural ectoderm at HH stage 2,
with Dlx5 appearing in non-neural ectoderm at HH stage 3
(Fig. 1A). Foxi3 also begins to be expressed very faintly in this
region at HH stage 3, but its expression was far weaker than either
Dlx5 or Gata3 (Fig. 1A). By HH4, the deﬁnitive neural plate is
marked by the expression of Sox2 (Streit et al., 2000). At this stage,
expression of Foxi3, Dlx5 and Gata3 is restricted to the border of
neural and non-neural ectoderm (Fig. 1B; Sheng and Stern, 1999).
We observed a second domain of Foxi3 in the anterior neural plate
that disappeared by HH6-7 (Fig. 1B). By HH5, Dlx5 and Foxi3
expression at the neural plate border overlapped with two
deﬁnitive markers of the PPR, Six1 and Eya2. These two genes
were expressed faintly in the neural plate border and mesoderm
underlying the neural plate at HH5, but were more strongly
expressed in the PPR at HH6 and continued to overlap with the
expression of Foxi3 and Dlx5. By the head fold stage (HH7), the
expression of Dlx5 and Foxi3 began to become mutually exclusive
within the PPR, with the anterior PPR down-regulating Foxi3 and
the posterior PPR down-regulating Dlx5 (Fig. 1B). In contrast, Six1
and Eya2 continue to be expressed throughout the entire PPR
(Fig. 1B). A summary of the appearance of Foxi3 in non-neural
ectoderm and its reﬁnement to the PPR is shown in Fig. 1C.
Signals from hypoblast but not mesoderm are necessary for Foxi3
induction
We next asked what signals regulate the early expression of
Foxi3 in non-neural ectoderm and its maintenance in the PPR.
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Foxi3 expression can be detected in the epiblast at a stage when it
is in contact with hypoblast, prior to the emergence and migration
of mesendoderm. We ablated the hypoblast at HH3 or mesendo-
derm at HH4-5 (Fig. 2A) and let the embryos develop for 3–5 h.
Ablation of the hypoblast in HH3 embryos caused a rapid down-
regulation of Foxi3 in non-neural ectoderm within hours (n¼
15/17) whereas ablation of mesendoderm in HH4-5 embryos did
not visibly affect Foxi3 expression (n¼0/15; Fig. 2B). Streit and
colleagues have previously shown that signals from cranial
mesendoderm are necessary for induction of PPR genes such as
Six1, Six4, Eya1 and Eya2 from HH5 onwards (Litsiou et al., 2005).
We therefore tested whether mesendoderm was required for the
maintenance of Foxi3 in the PPR at these stages. We ablated cranial
mesendoderm in HH4-5 embryos and cultured them for 12–14 h
(Fig. 2A). Mesendoderm ablation down-regulated the deﬁnitive
PPR genes Six1 (n¼5/5) and Eya2 (n¼8/11) on the operated but
not un-operated sides of the embryos (Fig. 2C). However, mesen-
doderm ablation did not down-regulate Foxi3 (n¼0/15), nor Dlx5
(n¼0/6; Fig. 2C). These results suggest that Foxi3 is regulated in a
similar fashion to other non-neural ectoderm genes: although it
becomes localized to the PPR after gastrulation, it is regulated by
signals in the hypoblast that are distinct from those in the
mesoderm that regulate deﬁnitive PPR gene expression (Fig. 2B).
Regulation of Foxi3 by non-neural ectoderm and PPR genes
Since Foxi3 expression in non-neural ectoderm is preceded by
Dlx5, we next tested whether Dlx5 could regulate Foxi3 expression.
We electroporated full-length Dlx5 into HH3-5 embryos together
with a GFP expression construct and analyzed Foxi3 expression
(Fig. 3A and B). We observed ectopic induction of Foxi3 in embryos
electroporated with Dlx5 (n¼9/10; Fig. 3B) but not GFP alone
(n¼0/14; Fig. 3D). In a complementary experiment, we electro-
porated full-length Foxi3 into HH3-5 embryos and analyzed Dlx5
expression at HH7-8. Electroporation of Foxi3 induced Dlx5 expres-
sion (n¼7/12; Fig. 3C) but GFP alone had no effect (n¼0/7; Fig. 3D).
Ectopic expression of Foxi3 was seen in the majority of GFPþ cells
electroporated with Dlx5 and vice versa; however, ectopic expression
of both Dlx5 or Foxi3 was also sometimes seen in cells expressing
little or no GFP. These results suggest that Dlx5 and Foxi3 can both
regulate each other's expression in non-neural ectoderm, but that
Fig. 1. Expression of Foxi3 during neural and pre-placodal region induction. (A) The timing of chick Foxi3 expression was compared with non-neural ectoderm genes (Dlx5
and Gata3) and a pre-neural gene (Sox3) at pre-gastrula to mid-gastrula stages (HH 2 and 3). (B) Expression of Foxi3was compared to the pre-placodal region genes Six1 and
Eya2, and the non-neural ectoderm gene Dlx5 that localizes to the PPR from stage HH4 –HH7. (C) Schematic representation of Foxi3 expression during induction of the pre-
placodal region. By HH3 Gata3 and Dlx5 are expressed in non-neural ectoderm (blue). By HH4, a boundary region is established between neural and non-neural domains that
expresses Dlx5, Foxi3 and Gata3 (blue). Fainter expression of Dlx5 and Gata3 remains in parts of the non-neural ectoderm. By HH6, the expression of Dlx5, Gata3 and Foxi3 is
accompanied by deﬁnitive markers of the pre-placodal region, Six1 and Eya2.
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Fig. 2. Regulation of Foxi3 in non-neural ectoderm. (A) Diagram showing hypoblast and mesendoderm ablation at different stages. (B) Ablation of hypoblast at HH3 down-
regulated Foxi3 expression within 3–5 h (red arrow), however mesendoderm ablation at HH4/5 did not affect Foxi3 expression (black or white arrows). The HH stage in each
panel refers to the stage of ablation. (C) Mesoderm ablation at HH stages 4–5 down-regulated the PPR genes Six1 and Eya2 (red arrows) after 12–14 h without affecting
expression of the non-neural ectoderm genes Dlx5 and Foxi3 (black arrows).
S.B. Khatri et al. / Developmental Biology 391 (2014) 158–169162
that some of this induction may occur by non-cell autonomous
mechanisms.
Dlx5 has been previously reported to regulate the expression of
deﬁnitive PPR genes such as Six1 and Eya2 (McLarren et al., 2003;
Sato et al., 2010). To test whether Foxi3 can also induce PPR genes,
we mis-expressed it lateral to the PPR and analyzed expression of
Six1 and Eya2 (Fig. 3C). Electroporation of Foxi3 but not GFP alone
in primitive streak stage (HH3-5) embryos resulted in the ectopic
induction of Six1 (Foxi3þGFP, n¼21/34; GFP, n¼0/7) and Eya2
(Foxi3þGFP, n¼10/16; GFP, n¼0/6; Fig. 3C and D). Once again,
although most cells expressing Six1 or Eya2 had been electro-
porated on the basis of GFP expression, some ectopic Six1 or Eya2-
expressing cells were not positive for GFP. The ability of Foxi3 to
induce PPR genes was limited to regions anterior and lateral to the
PPR, with no induction seen in the posterior neural plate or
ectoderm posterior to the PPR (data not shown). A number of
non-neural ectoderm and PPR transcription factors maintain their
expression through the use of feedback and feed-forward loops
(Bhat et al., 2013). To test whether PPR genes can also act together
to induce Foxi3 expression, we co-electroporated Six1 together
with the Eya2 transcriptional co-regulator into HH3-5 chick
embryos. Mis-expression of Six1 and Eya2 induced Foxi3 within
6–8 h (n¼10/11; Fig. 3B). We also conﬁrmed previous results from
Streit and colleagues that PPR genes are able to regulate Dlx5
expression (Christophorou et al., 2009): mis-expression of Six1 and
Eya2 induced ectopic Dlx5 in lateral ectoderm (n¼5/8; not shown).
These results suggest that Dlx5, Foxi3, and Six1/Eya2 are able
to regulate one another's expression in non-neural ectoderm.
Fig. 3. Mutual positive regulation of the non-neural ectoderm genes Foxi3 and Dlx5, and the pre-placodal genes Six1 and Eya2. (A) Diagram showing the approximate region
of the embryo targeted by electroporation at stages HH3-5 to express genes in lateral embryonic ectoderm. (B) Mis-expression of Dlx5 or Six1 together with Eya2 resulted in
ectopic induction of Foxi3. (C) Mis-expression of Foxi3 resulted in ectopic induction of the non-neural ectoderm gene Dlx5 and the pre-placodal genes Six1 and Eya2. In all
cases, a GFP expression vector was co-electroporated to indicate reveal electroporated cells. Negative controls using the GFP expression vector alone are shown in (D). For all
electroporations, embryos were sectioned with the dotted line shows the approximate plane of section. Both low power and high power images (dotted boxes) are shown to
indicate the overlap between each gene and GFP-electroporated cells.
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Although much of these inductive interactions appear to be direct,
the presence of some areas of ectopic expression of these genes
outside electroporated (GFPþ) regions suggest the possibility of
indirect, non-cell-autonomous induction as well, as has been
shown to be the case for Dlx3 in Xenopus (Woda et al., 2003)
and Dlx5 in chick (McLarren et al., 2003).
Foxi3 is necessary for otic placode induction in response
to FGF signaling
The zebraﬁsh foxi1 gene is expressed in non-neural and pre-
placodal ectoderm in a similar pattern to chick and mouse Foxi3
(Khatri and Groves, 2013; Nissen et al., 2003; Ohyama and Groves,
2004; Solomon et al., 2003). Mutation or knockdown of foxi1
either blocks or greatly reduces the induction of otic placode gene
sin zebraﬁsh (Nissen et al., 2003; Solomon et al., 2003; Hans et al.,
2007). To test whether chick Foxi3 was necessary for otic placode
induction, we electroporated a combination of translation- and
splice-blocking Foxi3 morpholinos into the presumptive otic pla-
code region of HH5-7 embryos and analyzed expression of early
otic placode markers and otic placode formation (Fig. 4A). Expres-
sion of Pax2 and Foxg1 were both signiﬁcantly down-regulated
after morpholino electroporation (Pax2¼7/11, Foxg1¼5/8; Fig. 4B)
8–10 h after electroporation but not in embryos electroporated
with control morpholinos (Pax2¼0/6, Foxg1¼0/10; Fig. 4B). We
also found that Foxi3 morpholinos were not able to inhibit Pax2
induction when electroporated at HH stage 8 or older; by these
ages, speciﬁcation of the Pax2þ domain had already commenced
(data not shown; Groves and Bronner-Fraser, 2000). These results
suggest that Foxi3 is necessary for the induction of early otic
markers but not for their maintenance once they have been
speciﬁed.
In our previous work, we showed that the PPR region is
uniquely able to respond to FGF signaling by inducing otic placode
markers (Martin and Groves, 2006). Moreover, other ectoderm
populations can acquire the ability to express otic markers in
response to FGF signals if they are grafted into the PPR and
allowed to express PPR markers (Martin and Groves, 2006).
To test whether Foxi3 is necessary for otic induction in the
presence of FGF signaling, we electroporated the presumptive
trigeminal region of HH5-7 chick embryos with Foxi3 or control
morpholinos together with a GFP reporter (Fig. 5A). We used
presumptive trigeminal ectoderm since it readily induces Pax2
when cultured in FGF2 but does not express Pax2 in the absence of
FGF2 (Martin and Groves 2006; Yang et al., 2013). We then
dissected and cultured the electroporated ectoderm in the pre-
sence or absence of FGF2 overnight (Fig. 5A) and counted the
proportion of electroporated cells (shown by GFP expression) that
co-expressed Pax2. Even at saturating doses of FGF2, typically only
70–75% of trigeminal explants express Pax2 (Martin and Groves,
2006), We therefore only examined explants in which at least
some Pax2þ cells could be detected in unelectroporated, GFPve
regions. Moreover, since only a subset of cells in presumptive
trigeminal ectoderm explants express Pax2 in response to FGF
signaling (Martin and Groves, 2006), this reduced the probability
of co-electroporation of Foxi3 morpholinos into these responsive
cells in our experiments. Consequently, only a minority – 17.2% –
of GFPþ cells in trigeminal explants receiving control morpholinos
and cultured in FGF2 expressed Pax2 (Fig. 5B and C). However,
only 2.1% of GFPþ cells in explants receiving Foxi3 morpholinos
and FGF2 expressed Pax2 (Fig. 5B and C, po0.05), suggesting that
knock-down of Foxi3 expression can signiﬁcantly attenuate the
response of pre-placodal ectoderm to FGF signals.
We previously showed that both anterior epiblast and lateral
ectoderm are competent to express otic placode markers when
grafted into the pre-placodal region and allowed to up-regulate
PPR genes, but neither population can induce otic markers when
cultured in FGF2 without prior up-regulation of PPR genes (Martin
and Groves, 2006). To test if Foxi3 is sufﬁcient to provide
competence to respond to FGF, we mis-expressed Foxi3 and a
GFP reporter construct in the anterior epiblast at HH3-4 or lateral
to the presumptive otic placode at HH 6-7, and then incubated the
embryos for 6–8 h to identify the electroporated ectoderm by its
Fig. 4. Foxi3 is necessary for otic placode induction in response to FGF signaling. (A) Diagram showing the approximate position of electroporation of Foxi3 morpholinos to
target the otic placode region (B) Morpholino knockdown of Foxi3 down-regulated the otic markers Foxg1 and Pax2 in the otic placode region (asterisks). Control
morpholinos had no effect on the expression of these markers in the otic placode (arrows).
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GFP ﬂuorescence (Fig. 6A and B). We then dissected the electro-
porated, GFPþ ectoderm, cultured it for 24 h in the presence or
absence of FGF2 and assayed for Pax2 expression (Fig. 6A). As a
positive control, we cultured presumptive trigeminal ectoderm
from HH7-8 stage embryos in FGF2 (Fig. 6A), and as previously
reported, we saw signiﬁcant up-regulation of Pax2 in about
70–75% of these control cultures (Fig. 6C; Martin and Groves,
2006; Yang et al., 2013). However, we observed no Pax2 expression
in either anterior epiblast or lateral ectoderm that had been
electroporated with a Foxi3 construct and cultured in FGF2 for
24 h (Fig. 6D; based on three independent experiments).
It is possible that Foxi3 is not sufﬁcient to confer competence
on ectoderm to respond to FGF signaling, but that it may do so in
concert with other genes expressed in the pre-placodal region
(Litsiou et al., 2005; Christophorou et al., 2009). To test this, we
repeated our experiments but now co-electroporated Dlx5, Six1
and Eya2 constructs into anterior epiblast together with Foxi3
(Supplementary Fig. 1A). However, we did not detect any Pax2
expression in electroporated ectoderm after 24 h culture in FGF2
(Supplementary Fig. 1B). Previous studies in zebraﬁsh have also
shown that foxi1 can act together with gata3 and ap2α to promote
induction of PPR genes in non-neural ectoderm (Bhat et al., 2013;
Kwon et al., 2010). We therefore co-electroporated expression
constructs for Foxi3, Gata3 and Ap2α into anterior epiblast and
cultured the electroporated tissue with FGF2 for 24 h. However,
we were again unable to detect Pax2 expression in any of the
electroporated cells (Supplementary Fig. 1C).
Foxi3 is only necessary for the ﬁnal steps of otic placode induction
Our results suggest that Foxi3 is necessary to allow PPR tissue to
express otic placode markers in response to FGF signaling (Fig. 4), but
that it is not sufﬁcient to provide competence to respond to FGF
signaling, either by itself or with a series of other genes expressed in
the PPR (Fig. 6 and Supplementary Fig. 1). To determine what steps in
otic placode induction required Foxi3 function, we electroporated
Foxi3 morpholinos into HH3-5 stage embryos (Fig. 7A) and assayed
for expression of the PPR genes Six1 and Eya2. We observed no
difference in the expression of either gene in embryos receiving Foxi3
morpholinos versus GFP controls (Fig. 7B; Six1: n¼12; Eya1: n¼14).
Similar results were seen with the non-neural gene Gata3, which
localizes to the pre-placodal region (Fig. 7B; n¼6) We ﬁnally
examined whether the FGF signaling pathway was activated in PPR
ectoderm in the absence of Foxi3. The Ets transcription factor family
member Pea3 (Etv4) is expressed in otic ectoderm in response to FGF
inducing signals (Hans et al., 2007; Urness et al., 2010; Yang et al.,
2013), and in presumptive trigeminal explants treated with FGF2
(Supplementary Fig. 2). We electroporated Foxi3 morpholinos into
Fig. 5. Foxi3 is necessary for induction of Pax2 in FGF-responsive ectoderm. (A) Pre-placodal ectoderm was electroporated with morpholinos and a GFP vector at stages HH5-7.
After a brief period of culture, GFPþ ectoderm was dissected and cultured in the presence or absence of 50 ng/ml FGF2 for 24 h. (B) Explants were sectioned and stained with
antibodies for Pax2, GFP and counterstained with DAPI. Signiﬁcantly fewer GFPþ cells receiving Foxi3 morpholinos express the otic marker Pax2 (red) compared with control
morpholinos. (C) Sectioned explants that contained Pax2þ cells were identiﬁed and then quantiﬁed by examining the proportion of GFPþ cells that also expressed Pax2 in the
presence of control or Foxi3 morpholinos. 20 explants were counted per condition in three separate experiments. The mean and standard error are shown for each condition
(nnn¼po0.05).
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HH3-5 stage embryos and assayed for the expression of Pea3. We
observed no difference in the intensity of Pea3 expression in PPR
ectoderm receiving Foxi3 morpholinos compared to the un-
electroporated control side of the embryos and GFP controls
(Fig. 7B; n¼25). Since a similar treatment with Foxi3 morpholinos
is able to efﬁciently block the induction of Pax2 and Foxg1 (Fig. 4B),
these results suggest that Foxi3 function is not required at gastrula
stages for PPR gene expression, nor for PPR ectoderm to respond to
FGF signaling. However, Foxi3 function is necessary for the induction
of the earliest otic marker Pax2, and this function is required at stages
after the reception of FGF signaling.
Discussion
Foxi3 and the transition from non-neural to pre-placodal ectoderm
The early development of the central and peripheral nervous
systems is driven by a series of inductive events occurring both
before and after gastrulation. The ﬁrst evidence of nervous system
development is the appearance of pre-neural markers such as
Sox3, bounded by non-neural ectodermal markers such as Dlx5,
Foxd3 and Gata3 (Grocott et al., 2012; Groves and Labonne, 2013;
Saint-Jeannet and Moody, 2014; Streit, 2007; Streit et al., 2000).
The boundary between neural and non-neural ectoderm will later
resolve into two progenitor populations, the pre-placodal region
and the presumptive neural crest (Grocott et al., 2012; Groves and
Labonne, 2013; Patthey and Gunhaga, 2011, 2013; Streit, 2007).
Many studies suggest that these two progenitor populations are
induced by opposing sets of signals—for example neural crest
induction requires both BMP and Wnt signaling (Litsiou et al.,
2005), but induction of the PPR requires inhibition of both BMP
and Wnt signals (Ahrens and Schlosser, 2005; Brugmann et al.,
2004; Kwon et al., 2010; Leung et al., 2013; Litsiou et al., 2005).
Here, we show that Foxi3 is initially expressed in non-neural
ectoderm after the induction of Dlx5, but before induction of
deﬁnitive pre-placodal genes such as Six1 and Eya2 (Fig. 1).
Although both Dlx5 and Foxi3 become restricted to the PPR at
later stages of development, the signals required for their initial
induction and maintenance in non-neural ectoderm come from
Fig. 6. Foxi3 is not sufﬁcient to confer competence to respond to FGF signaling on non-neural ectoderm. (A) Diagram showing electroporation of anterior epiblast (stage
HH3-4 embryos) or lateral ectoderm (stage HH5-7 embryos) with Foxi3 expression constructs. After a brief period of culture, GFPþ ectoderm was dissected and
cultured7FGF2 for 24 h. Presumptive trigeminal ectoderm from HH7-8 embryos was used as a positive control (B) Examples of electroporated, GFPþ anterior epiblast or
lateral ectoderm before and after dissection. (C) Pax2 (red) is readily induced in presumptive trigeminal ectoderm when cultured in the presence, but not absence of FGF2.
(D) Pax2 is not induced in GFPþ anterior epiblast or lateral ectoderm expressing Foxi3 and cultured with FGF2. Pax2 is shown in red, GFP in green and DAPI nuclei in blue.
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the hypoblast (Fig. 2B and Pera et al., 1999), rather than the
mesodermal signals that are required for induction of PPR genes
such as Six1 and Eya2 (Litsiou et al., 2005; Fig. 2C). BMP and FGF
signaling have been reported to induce zebraﬁsh foxi1 in non-
neural ectoderm (Bhat et al., 2013; Hans and Westerﬁeld, 2007;
Phillips et al., 2004), and it is likely that FGFs from the hypoblast
and BMPs from early embryonic ectoderm may similarly induce
Foxi3 in chick.
A number of studies suggest that one mechanism for the
individuation of neural crest and pre-placodal tissue at the neural
plate border region is the presence of positive and negative tran-
scriptional feedback loops. Thus, PPR-speciﬁc transcription factors
positively regulate each other and repress neural crest transcription
factors, and neural crest transcription factors similarly positively
regulate one another and repress PPR genes (Bhat et al., 2013;
Brugmann et al., 2004; Christophorou et al., 2009; Hong and Saint-
Jeannet, 2007; Kwon et al., 2010; Pieper et al., 2012). Our data
suggest that Foxi3 may participate in such positive inductive loops:
ectopic expression of Foxi3 can induce Dlx5, Six1 and Eya2, and
expression of Dlx5 or Six1 together with Eya2 can also induce
expression of Foxi3 (Fig. 2E, Fig. 3B and D). Although it is assumed
that this positive or negative regulation between transcription factors
in the neural plate border region is direct, there are currently only a
few examples of binding sites for transcription factors of the PPR,
non-neural ectoderm or neural crest occurring in deﬁned promoter
or enhancer regions for other genes in these families. For example,
Six1 expression in the neural plate border region can be regulated by
a conserved regulatory enhancer downstream of Six1 that contains
binding sites for the non-neural ectoderm protein Dlx5 and the
neural crest-speciﬁc protein Msx1 (Sato et al., 2010). However, it is
also possible that cross-regulation of non-neural ectoderm and PPR
genes may occur by indirect, non-cell-autonomous mechanisms in
addition to direct, cell-autonomous binding of one transcription
factor to the enhancers of other neural plate border genes. This has
been reported previously for Dlx3 in zebraﬁsh and Dlx5 in chick
(McLarren et al., 2003; Woda et al., 2003). Indeed, in the present
study, we observed ectopic expression of Dlx5, Foxi3, Six1 or Eya2 in
patches of ectoderm that did not express GFP and were thus not
likely to have been electroporated. Although the signals responsible
for the non-cell-autonomous functions of genes like Dlx5 have yet to
be identiﬁed (McLarren et al., 2003), it is likely that BMP, Wnt and
FGF signals, or factors that modulate the activity of these signals may
be responsible for propagating these non-autonomous effects.
Our morpholino knockdown experiments also suggest once the
pre-placodal region has become established, Foxi3 is dispensable
for the maintenance of pre-placodal markers (Fig. 7B). Taken
together, our results suggest that the induction of the pre-
placodal region is regulated by the combined action of a cohort
of different transcription factors, each of which may be sufﬁcient
to directly or indirectly induce other members, but which may be
individually redundant once the PPR has formed.
Foxi3 and the response to FGF in otic placode induction
We have previously shown that competence to respond to
FGF signaling by expressing otic placode genes is restricted to
Fig. 7. Foxi3 acts after induction of the PPR and reception of FGF signals. (A) Diagram showing the approximate position of electroporation of morpholinos to target the pre-
placodal region (B) No effect was seen on the expression of PPR marker genes Six1 and Eya2, nor the non-neural ectoderm marker Gata3 when Foxi3 knocked down with
morpholinos. Similarly, no effect was seen in the expression pattern of Pea3, a downstream target of FGF signaling molecule when Foxi3 was knocked down by morpholinos.
The presence of all four markers in electroporated ectoderm was conﬁrmed by examination of sectioned material (the approximate plane of section indicated with dotted
lines). Electroporated cells are revealed by GFP ﬂuorescence from the GFP expression vector introduced with the Foxi3 morpholinos.
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pre-placodal ectoderm (Martin and Groves, 2006). PPR ectoderm
can express otic placode markers after culturing in FGF2, whereas
other populations of ectoderm from embryos of the same age
cannot. Furthermore, non-competent ectoderm can acquire com-
petence to respond to FGF2 in these culture assays if ﬁrst grafted
into the PPR for a sufﬁcient period of time to up-regulate PPR
genes (Martin and Groves, 2006). To date, however, the molecular
basis of such competence is not clear. Co-expression of Six1 and
Eya2 in non-neural ectoderm cannot confer competence to express
Pax2 in response to FGF2 (Christophorou et al., 2009). Zebraﬁsh
foxi1 has been reported to confer competence for otic placode
induction in response to FGF signaling (Hans et al., 2007; Hans and
Westerﬁeld, 2007), but this effect was only seen following treat-
ment with retinoic acid, and was not seen reproducibly in untreated
ectoderm alone (Hans et al., 2007; Hans and Westerﬁeld, 2007).
In the present study, ectopic expression of Foxi3 in either
anterior epiblast or ectoderm lateral to the PPR was not sufﬁcient
to confer competence on this ectoderm to respond to FGF by
inducing early otic markers such as Pax2 (Fig. 6). We also found
that Foxi3 was unable to confer competence in this assay when co-
expressed with the deﬁnitive PPR transcription factors Six1 and
Eya2 and the non-neural ectoderm gene Dlx5 (Supplementary
Fig. 1). Recent work in zebraﬁsh suggests that foxi1 can act
together with gata3, tfap2a and tfap2c to promote formation of
pre-placodal ectoderm (Kwon et al., 2010; Bhat et al., 2013).
However, co-expression of Foxi3 with Gata3 and Ap2α was again
unable to confer competence to respond to FGF2 in our culture
assay (Supplementary Fig. 2). It is therefore likely that other
factors are required in addition to the current repertoire of
transcription factors known to be expressed in the PPR.
Despite the fact that activation of Foxi3 alone or with other PPR
factors cannot confer competence to respond to FGF2 in our otic
induction assays, we have shown that morpholino knockdown of
Foxi3 is able to block the induction of the early otic markers Pax2
and Foxg1 in intact embryos (Fig. 4B). Moreover, knockdown of
Foxi3 in PPR ectoderm isolated from the presumptive trigeminal
region can signiﬁcantly reduce the induction of Pax2 in these
explants when cultured in FGF2 (Fig. 5B and C). Chick Foxi3, like
zebraﬁsh foxi1 (Nissen et al., 2003; Solomon et al., 2003) is thus
necessary for otic induction. However, based on its expression
pattern, Foxi3 could act at several stages in otic induction: the
speciﬁcation of non-neural ectoderm, the induction of PPR ecto-
derm, mediating the FGF signaling cascade or in the induction of
otic markers after reception of the FGF signal. Our morpholino
results suggest that Foxi3 is necessary for the induction of otic
placode genes in PPR ectoderm at a time after exposure to FGF
(Fig. 4), but that it is not necessary for the expression of PPR genes
per se, nor for the reception or transmission of FGF signals in PPR
ectoderm (Fig. 7). However, we would caution that since these
chick knockdown experiments were performed coincident with,
or slightly after the initial induction of Foxi3 in early gastrula
ectoderm rather than from the very start of development, it is
formally possible that we introduced Foxi3 morpholinos into
embryonic ectoderm too late to affect the induction of the PPR.
We are currently characterizing Foxi3 mutant mice generated in
our lab, and these null mice will allow us to determine if the PPR
still develops in the complete absence of Foxi3.
At present, we do not know whether Foxi3 functions directly in
concert with factors downstream of FGF signaling to induce otic
placode genes, or is acting independently of FGF signaling. Binding
motifs for the FGF-responsive Ets transcription factor family have
been identiﬁed in a small number of otic enhancers (Betancur
et al., 2011), but further studies are required to determine whether
Foxi3 participates in the formation of FGF-dependent transcrip-
tional complexes at otic gene enhancers. An alternative possibility
is raised by the observation that a number of Forkhead family
transcription factors such as Foxa1, Foxa2, and Foxd3, bind to target
sites in chromatin at early developmental stages, remain bound to
DNA during division, and remodel chromatin to prepare for the
activation of lineage-speciﬁc genes later in development. Such
factors have been described as “pioneer factors” (Caravaca et al.,
2013; Ram and Meshorer, 2009; Zaret and Carroll, 2011; Zaret
et al., 2008). Since Foxi3 is expressed from an early stage in non-
neural ectoderm and pre-placodal ectoderm in amniotes, but is
not genetically necessary for otic placode formation until a time
after the transduction of FGF signals, it is possible that it can act as
a pioneer factor. Indeed, zebraﬁsh foxi1 has been shown to bind
widely to chromatin in cultured cells, to remain bound to DNA
throughout the cell cycle and to regulate chromatin accessibility to
DNAseI (Yan et al., 2006). While suggestive of a potential role for
Foxi genes as pioneer factors during development, further experi-
ments will nevertheless be necessary to determine whether Foxi1
and Foxi3 act as early pioneer factors for the otic lineage during
inner ear induction.
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